Highly homogeneous bismuth doped cubic-YSZ was prepared using reverse-strike co-precipitation from nitrates. The dopant reduced the sintering temperature for effective fabrication of fully dense pellets within 5 min using fast firing procedure at 1300°C. Delta-Bi 2 O 3 second phase was observed at the boundaries and caused enhancement of grain boundary conductivity, while decreasing activation energy for bulk transport. Longer sintering times (up to 4 h) lead to grain boundary cleaning by evaporation of the Bi phase, consequently reducing the grain boundary conductivity and making the bulk transport activation energy similar to undoped YSZ. No changes in polymorphism were observed during the various processing steps, and only cubic polymorph existed. The findings are expected to have positive impacts on the strategies for manufacturing of more efficient solid oxide fuel cells (SOFC).
Introduction
Cubic yttria stabilized zirconia (YSZ) has been widely applied in a variety of fields, with particular interest as electrolyte in solid oxide fuel cells (SOFC) 1) ,2) due to its adequate mechanical properties and ionic conductivity. Lowering temperature and sintering time is a key aspect for enabling more facile processing and manufacturing, in particular for co-processing with other parts of the cell. Several dopants have been studied to aid YSZ sinterability.
3),4) Among them, Bi 2 O 3 has been extensively studied but with conflicting results reported in the literature. 5) While densification is clearly enhanced with addition of the dopant, the impacts in the ionic conductivity are not straight forward as it depends much on the synthesis methods and the processing of the powder and sintering conditions. 4), 5) An unfinished ZrO 2 Y 2 O 3 Bi 2 O 3 ternary phase diagram has been proposed for the system at 900°C. 6) The diagram is consistent, at least qualitatively, with several results in the literature pointing out the effect of monoclinic phase and residual solidified liquid phase in the conductivity properties of YSZ. For instance, Winnubst and Burggraag have reported on the method for preparation of monophasic YSZ with Bi. 4) It was shown that the boundaries were enriched with Bi, causing a negligible decrease in conductivity and activation energy for ion mobility. Kim and Kim did a systematic study of the effect of phases at a fixed sintering temperature and time, and showed that, consistently with the phase diagram, 5) the cubic-phase stability was affected by the addition of Bi.
3) Monoclinic and tetragonal phases could be formed during densification likely due to the formation of BiY compounds, affecting the intragranular (bulk) conductivity, while the grain boundary conductivity was dependent on the formation of the second phases, and increased with Bi doping. 4) Lowering of grain boundary conductivity with Bi doping has also been observed and related to the formation of ZrO 2 rich second phase; 4) or the decrease in grain size that would lead to increase grain boundary area, i.e. longer ionic travelling path. The last is caused likely to grain boundary pinning by formation of the second phase.
In fact, the nature of the second phase is a key parameter in defining the overall effect on the conductivity of the grain boundary. Takahashi and Iwahara have reported that ¤-Bi 2 O 3 shows high ionic conductivity, while the orthorhombic © phase shows lower conductivity, ¡ phase is a good electronic conductor but shows low ionic conductivity, and £-phase has a fairly low conductivity. 7) Punn et al. have reported later on the high conductivity of stabilized ¤-phase using rare earths.
8)
¤-Bi 2 O 3 exists above 730°C, and its fluorite structure would be responsible for the exceptionally high ionic conductivity. 7) While dopants can stabilize the phase, one can also create a metastable condition where the phase persists. This would be particularly relevant if bismuth is used as a dopant to enhance the conductivity of the grain boundaries in YSZ. The processing limitation comes from the fact that the melting point of Bi 2 O 3 (817°C) is much lower than cubic YSZ (2690°C), and so a high vapor pressure is expected at high temperatures. Long annealing times will thus lead to decrease in Bi content, unless a Bi-rich atmosphere is used. 9) Here we report on the sintering of Bi doped YSZ using fast firing and showed that after 5 min in isotherm, the ¤-Bi 2 O 3 phase is observed at the grain boundaries. This leads to higher grain boundary conductivity measured by impedance spectroscopy as compared to Bi-free YSZ. Longer sintering times caused decrease in conductivity, attributed to the evaporation of Bi, isolation of the ¤-phase network and damage of grain boundary. When the ¤-phase is present, a decrease in activation energy of bulk conductivity is observed, possibility suggesting the bulk phase is rich in Zr, allowing more oxygen vacancies in the bulk for charge compensation. Note that, in most cases the Y:Zr ratio is kept constant for comparing ionic conductivity. Therefore, we intentionally compared 4Bi8YSZ with 8.5YSZ rather than 8YSZ in this work.
Experiment
8.5YSZ and 4Bi8YSZ (4 mol % Bi 2 O 3 + 8 mol % Y 2 O 3 + 88 mol % ZrO 2 ) were studied in this work. A reverse co-precipitation method using nitrates was used to synthesize nanoparticles for further densification. 10) Briefly, zirconium (IV) oxynitrate hydrate, yttrium (III) nitrate hexahydrate, and bismuth (III) nitrate pentahydrate were dissolved into deionized water (D.I. water) in the appropriate molar fraction for preparing 0.3 M cation solution. A few droplets of nitric acid were necessary for enhancing the solubility of Bi 3+ in water. This solution was slowly dropped into 1 M ammonium hydroxide aqueous solution (3 times excess than stoichiometric amount for guaranteeing all cations react simultaneously) using a tap funnel. Nanocrystalline hydroxide precipitates were acquired once the cations reacted with base. These hydroxide precipitates were washed three times with water, once with a mixture ethanol and water, and once by denatured ethanol. Centrifugation was used to separate precipitates and waste solution in each wash. The precipitates were dried in a dry oven at 90°C overnight, then grinded as fine powders and calcined in a box furnace (Lindberg Blue M, Thermo scientific) at 450°C for 2 h to get white-colored nanoparticles.
For sintering purpose, the nanoparticles were pressed as pellets under 250 MPa using a cold isostatic press (CIP) (CIP-20TA, MTI Corporation). The pellets were fast fired (rapidly introduced in the isothermal region, with estimated heating rate of ³500°C/min) in a tube furnace (Lindberg blue. M, Thermo scientific) at 1300°C. Samples were cooled by removing them from the tube furnace at similar rate as heating. The density was measured by Archimedes' method. The relative density (RD) widely used in the text is defined as the ratio of experimental density to theoretical density (μ T ). The theoretical density of Bidoped YSZ (regarded as Bi 2 O 3 /8.5 YSZ mixture) were calculated from the ratio of Bi 2 O 3 (μ T = 8.9 g/cm 3 ) and 8.5 YSZ (μ T = 5.96 g/cm 3 ).
11)
X-ray diffraction (XRD) (model D8 Advance, Bruker Inc.; Cu K¡ radiation = 1.5418 ¡) was used to determine the crystallographic phase and the nanocrystalline sizes. The compositions of Bi-doped samples were analyzed by energy-dispersive X-ray spectroscopy (EDX) (Scios DualBeam SEM/FIB, FEI) at 10 kV; the scanning electron microscope (SEM) images can be obtained simultaneously by the same equipment.
Oxide ion conductivity was measured using complex impedance spectroscopy. Parallel faces of the pellets were polished and painted with Pt paste (5349 Heraeous, USA) to serve as electrodes. The painted samples were annealed at 900°C for 2 h with heating and cooling rates of 5°C/min. Samples were measured in N 2 from 200500°C using a Novocontrol ¡-A Analyzer in the frequency range of 10 ¹1 to 10 7 Hz.
Results and discussions
The lower part of Fig. 1(a) represents the XRD patterns of assynthesized 8.5YSZ and 4Bi8YSZ nanoparticles. Both of them reveal an equivalent cubic YSZ phase. The broaden peaks are resulted from the nanosized crystallite with size measured as 6.4 « 0.2 nm for 8.5YSZ and 5.9 « 0.5 nm for 4Bi8YSZ. The absence of second phases for 4Bi8YSZ nanoparticle indicates that Bi is likely dissolved in the bulk crystal of YSZ or segregate at the interfaces in the same structure (surface excess, without forming a second phase) at low concentrations because of the extremely high interface areas.
These two nanoparticles were further isostatically cold compacted as pellets and fast sintered at 1300°C for different times to acquire the sintering curves shown in Fig. 2 . As the curves show, the RD of 8.5 YSZ gradually increased and reached ³95% after 1 h; at least 3 more hours were required to achieve theoretical density (³100% RD). In contrast, the RD of 4Bi8YSZ rapidly increased, reaching ³95% RD after only 30 s, and achieved 100% RD after 5 min. This enhancement of sintering by adding Bi has been reported before 3),4) and is attributed to Bi 2 O 3 segregation at interface and liquid phase sintering. 4),5) This scenario results in a massive particle rearrangement, pores filling and contact flattening in the liquid matrix, 12) and then enhancement of densification. Note that relative densities higher than 100% are reported in Fig. 2 ; this is because the theoretical densities were approximately calculated from the fraction ratio of Bi 2 O 3 and 8.5YSZ, which can lead to small deviations from actual densities. Although 4Bi8YSZ showed pure YSZ cubic phase before sintering, after densification for 30 s, a ¤-Bi 2 O 3 phase is present as shown in Fig. 1(b) diffraction patterns. Note that also a small shoulder is observed at around 28°, which can possibly be attributed to traces of monoclinic phase originated from de-stabilization of YSZ by dissolution of Y into the liquid bismuth phase. However, Fig. 1(b) shows that the ¤-Bi 2 O 3 peaks (as well as monoclinic pekas) gradually fade out when sintering time is extended from 30 s to 5 min and completely disappears after 30 min at the isotherm region. Moreover, a peak shift is observed as sintering is prolonged, leading to a change in lattice parameter from 6.312 ¡ to 5.970 ¡. These phenomena are consistent with the evaporation of Bi due to relatively high vapor pressures at the sintering temperature.
The composition-evolution as a function of sintering time was further analyzed by EDX to confirm bismuth evaporation. The quantitative results are listed in Table 1 Consistently with XRD, the bismuth contrast decreased at prolonged sintering times, and eventually visibly disappeared. Table 1 suggests a molar fraction of Bi 2 O 3 reduction of about 10 times from 30 s (3.8 mol %) to 4 h (0.4 mol %) of sintering time. Table 1 also lists the ratio of oxides as x/z for B 2 O 3 to ZrO 2 and y/z for Y 2 O 3 to ZrO 2 , respectively; the evolution of these ratios with time is plotted in Fig. 4 . According to the tendency of x/z, only 20% Bi 2 O 3 remains after 30 min and 10% after 4 h.
Since the observed bismuth phase is the very conductive ¤-Bi 2 O 3 phase, 7),8) the data suggest a dependence of the oxide ion conductivity as a function of sintering time, with maximum conductivity occurring at maximum delta phase content. Grain boundary and bulk conductivity results are plotted in Fig. 5 -the reported values are grain boundary specific conductivities (i.e. the conductivity of a single grain boundary, which can be calculated from the total grain boundary conductivity multiplied by the ratio between the width of the grain boundary region and the average grain size). Both bulk and grain boundary conductivities show consistency among pure 8.5YSZ samples with different sintering times. For 4Bi8YSZ, the existance of ¤-Bi 2 O 3 phase (5 min sintering sample) shows obvious deviation in bulk conductivity, indicating decrease in bulk activation energy, and also great enhancement in grain boundary conductivity. With longer sintering times (sintering time of 30 min and 4 h), bulk conductivity goes back to almost the same as pure 8.5YSZ, while grain boundary conductivity shows dramatic decrease to a lower value than pure 8.5YSZ samples. Table 2 shows a compilation of specific Table 1 .
Li et al.: Fast firing of bismuth doped yttria-stabilized zirconia for enhanced densification and ionic conductivity grain boundary conductivity for the considered compositions at 450°C to faciliate direct comparison. Table 2 also shows the activation energy of both bulk and grain boundary ionic conductivities for all samples. While the reported activation energy for grain boundary conductivity are similar for all samples, the ¤-Bi 2 O 3 containing YSZ (5 min sintering) showed the lowest activation energy for bulk diffusion. Possible origins of such a change in the activation energy is currently under investigation and will be discussed in detail else where.
A decrease in grain boundary conductivity is observed after removal of ¤-Bi 2 O 3 second phase at prolonged sintering times. This could be attributed to a change of grain boundary structure as noticed from SEM images. Figures 6(a) and 6(b) show ¤-Bi 2 O 3 second phase aggregated and wetted around YSZ grain boundaries when the sample was sintered for 5 min, forming high-conducting grain boundary channels and enhancing the grain boundary conductivity. Figures 6(c) and 6(d) shows that after removal of most of the second phase (4 h sintering), defective grain boundary structure remains. It is likely that nanoporositiy is present at the boundaries due to the evaporation of Bi, contributing to the observed decrease in grain boundary conductivity relative to pure 8.5YSZ.
Conclusion
In this work, we showed the sinterability of YSZ is significantly enhanced by Bi dopants because of the presence of Bi 2 O 3 induced liquid phase sintering. At 1300°C, the sintering time was remarkably shortened from 4 h to 5 min to obtain fully dense YSZ. ¤-Bi 2 O 3 second phase forms early in the process, which helps to improve the grain boundary ionic conductivity of YSZ and to lower the activation energy for bulk ion transport. With prolonged sintering times, 80% Bi 2 O 3 is removed after 30 min and 90% after 4 h. Removal of ¤-Bi 2 O 3 second phase leads to defective grain boundary structure, which decreases grain boundary conductivity. The data suggest there is still an optimized condition to be explored using this system, perhaps by lowering the sintering temperature to allow a longer window of deltabismuth oxide existence.
